Ion-exchange tap water demineralization for process water preparation results in a saline regeneration wastewater (20-100 mS cm À1 ) that is increasingly problematic in view of discharge. A coupled nanofiltration-membrane distillation (NF-MD) process is evaluated for the recovery of water and sodium chloride from this wastewater. NF-MD treatment of mixed regeneration wastewater is compared to NF-MD treatment of separate anion-and cation-regenerate fractions. NF on mixed regeneration wastewater results in a higher flux (30 L m À2 h À1 at 7 bar) compared to NF on the separate fractions (6-9 L m À2 h À1 at 30 bar). NF permeate recovery is strongly limited by scaling (50% for separate and 60% for mixed, respectively). Physical signs of scaling were found during MD treatment of the NF permeates but did not result in flux decline for mixed regeneration wastewater.
INTRODUCTION
Demineralization by ion-exchange (IEX) is frequently used in industry to prepare process water from tap water (Helfferich ; Matsuzaki et al. ; Oosterom et al. ) . The wastewater resulting from the regeneration of IEX resins consists of an aqueous mixture of salts, organic matter and metals (Clifford ) and has considerable salinity, typically ranging from 20 to 100 mS cm À1 (Gryta et al. ) . Owing to the cost of external treatment and zero-liquid discharge technologies, IEX regeneration wastewater is typically neutralized and discharged (Mickley ) . The discharge of brines, however, is continuously becoming more problematic due to increasingly stringent discharge limits. Production facilities discharging to small inland rivers are more affected than sites located near the sea or a brackish water body where discharge of brine may be environmentally acceptable. In specific cases the inability to discharge can become a real bottleneck for a plant.
Next to tightening discharge legislation, an increasing scarcity of freshwater and other resources is witnessed (Angelakis & Durham ) resulting in an increasing interest in new technologies and concepts for the treatment of brines (Kim ) . Depending on brine flow and composition either recovery of inorganic salts and water or minimization of volume for final disposal is desired (Tang & Chen ) . The objective of this paper is to evaluate a coupled nanofiltration-membrane distillation (NF-MD) process for the recovery of salts and water from demineralization wastewater. Sodium chloride (NaCl) is the main salt component in IEX regeneration wastewater. It has a wide range of industrial uses, for example in sodium carbonate and chlorine production, and can be applied as a road deicing salt. Owing to salt purity requirements, recycled NaCl from demineralization brines is expected to qualify mainly for medium-to low-grade applications in the chemical industry or as a road deicing salt (Fonnesbech ) . Reuse of sodium chloride from demineralization regenerate requires first the removal of the other impurities (e.g. metals, organic matter (total organic carbon)) that are present in the brine. NF is used to separate the wastewater into a concentrate containing the undesired impurities and a purified, NaCl-permeate stream. MD (El-Bourawi et al. ; Alkhudhiri et al. ) is subsequently applied to further concentrate the NF permeate while reclaiming distilled water. The final product resulting from NF-MD is highly concentrated brine that can be further processed using conventional crystallization technologies. Application of NF before MD is expected to have additional benefits as NF will also soften the MD feed (Hassan et al. ; Karakulski & Gryta ; Gryta et al. ) . The NF concentrate remains an unwanted byproduct and is expected to have a composition similar to the feed, but with higher concentrations of the rejected components and a much lower volume (Van der Bruggen et al.
).
In this paper we present both the outcome of NF-MD experiments on mixed and neutralized regeneration wastewater (Figure 1(a) ) and on separate anion-and cationregenerate fractions (Figure 1(b) ). Both the technical and economic feasibility are evaluated.
METHODS

Sampling
Samples of cation-regenerate (acid), anion-regenerate (basic) and mixed wastewater (neutral) were collected from a large demineralization plant in the port of Antwerp, Belgium. Cation and anion regenerates were collected during the regeneration process at peak conductivity, while the mixed wastewater was collected from the final neutralization basin prior to discharge. The first batch of samples for screening tests contained 25 L per stream, and the second batch for module tests contained 150 L per stream.
NF
NF tests were carried out using 2.4 inch spiral-wound modules, following preliminary screening on meander cross-flow Amafilter TZA944 test cell (membrane selection: DOW-Filmtec NF270, KOCH TFC SR100, Desal 5 DK, Nadir NP030, KOCH MPF34 SelRO, and GE Duracid). DOW-Filmtec NF270-2540 (2.6 m 2 ) was selected for NF module testing on mixed wastewater, KOCH SelRO MPS34-2540 A2X (1.6 m 2 ) for the anion stream and Duracid NF2540F-30D (1.4 m 2 ) for the cation stream. Conductivity (WTW 340i þ Tetracon 325), turbidity (HACH 2100P ISO turbidimeter), pH (Knick Portamess 913 þ SE101N), flux, pressure drop, circulation velocity and applied transmembrane pressure (TMP) were recorded during the module tests. Samples were collected for chemical analysis. Membrane modules were operated according to the manufacturers' guidelines. Two types of NF tests were performed: (1) batch module tests in which 25 L of feed was concentrated by increasing removal of permeate from the circulating feed flow; and (2) production tests, in which approximately 150 L of feed was filtered by continuously adding new feed to the feed tank, thereby maintaining the level in the feed tank as permeate was removed. Cleanwater flux was evaluated before and after each test. Ion retention (R) was calculated as R ¼ 1 À c p /c f where c f is feed concentration and c p is permeate concentration (Mulder ) . Data analysis was performed using GraphPad Prism6 and Microsoft Excel. Genesys Membrane Master software was used to predict scaling behavior. 
MD
A laboratory-scale direct contact (DCMD) unit was used for concentration of mixed NF permeates resulting from NF production tests. A feed temperature of 80 W C and delta T of 10 W C was used to generate a maximal and sustainable flux within the boundaries of the experimental setup. A standard flat-sheet Donaldson polytetrafluoroethylene (PTFE) membrane with an area of 10 × 30 cm was used. Ten litres of MD feed was concentrated in two steps. Flux, circulation velocity, mass balance, temperature, and TMP were recorded online. Samples were taken for chemical analysis.
Chemical analysis
Chemical analysis was performed by a commercial laboratory, using the following certified methods: discrete analyzer:
total organic carbon (TOC) (WAC/III/D/50), inductively coupled plasma optical emission spectrometry: Na, K, Ca, Mg, Sr, B, Cd, Ni, Zn, Fe, Al (WAC/III/B/010), inductively coupled plasma mass spectrometry: B (WAC/III/B/001), Sb, Ba (CMA/2/I/B.1), ion selective F À (CMA/2/I/C1.1 and 1.2), spectrophotometrically silica (SM4500-SiO 2 ).
Cost estimation
The cost of NF-MD was estimated for a plant sized for the production of 20 and 200 m 3 day À1 of demineralized water. The following assumptions were made:
• The IEX resin bed operates at 95% water recovery.
• Tap water costs 1.5 euro m À3 and electricity 0.1 euro kWh À1 and conforms to local rates.
• Waste heat 0.003 euro kWh À1 .
• Technology and membrane capital expenses were obtained from technology suppliers.
• A 10-year depreciation at a rate of 4% conforms to best available technique methodology and 350 working days/ year.
• Brine disposal costs 50 euro ton À1 (<40 g L À1 total dissolved solids (TDS)) and 200 euro ton À1 (>40 g L À1 TDS), including transport and according to local wastetreatment rates.
• Produced road salt value of 20 euro ton À1 .
• No labor costs were incorporated.
The following input data were obtained from the experimental work described in this paper:
• NF on mixed regenerate: 60% permeate recovery, 30 L m À2 h À1 flux and 7 bar TMP.
• MD on mixed regenerate NF permeate at 95% distillate recovery.
• NF on cation regenerate: 50% permeate recovery, 9 L m À2 h À1 flux and 30 bar TMP.
• NF on anion regenerate: 50% permeate recovery, 6 L m À2 h À1 flux and 30 bar TMP.
RESULTS AND DISCUSSION
Demineralization process
Wastewater from a large demineralization plant located in the port of Antwerp was used for this study. The plant produces ultra-pure water from tap water by using cation-and anionexchange resins. The cation-exchange resin is regenerated with 4% HCl, while the anion-exchange resin is regenerated using 3% NaOH. During the first phase of the regeneration process (i.e. 20-25% of total regeneration time), a regenerate with a low salinity is released. A first optimization of the process should be to separately collect this first wash water, reducing the final wastewater volume. Following the first rinsing phase, highly concentrated brine is released from both the cation-and anion-resin columns. The pH of the cation regenerate decreases to pH 0.6 (minimum), and that of the anion regenerate increases to 13.1 (maximum). Both fractions are mixed together in a large collection basin, and pH of the wastewater is adjusted to pH 7 before discharge. Chemical analysis of the regenerate samples (Tables 1 and 2) shows that the cation regenerate contains a relatively high concentration of metals such as aluminum, strontium, barium, and zinc, while the anion regenerate contains high concentrations of TOC. These components are to be removed by NF in order to obtain a reusable NaCl-rich salt.
NF tests
Cation-regenerate
The NF batch module test on cation regenerate started with an initial flux of 32 L m À2 h À1 at 20 bar TMP and 600 L h À1 circulation velocity (Duracid NF2540F-30D NF). Flux decreased strongly with increasing permeate recovery and occasionally reduced to zero (Figure 2(a) ). TMP was stepwise increased up to 45 bar at 75% permeate recovery (PR) while the membrane has a typical operating pressure ranging from 27 bar to 55 bar. Flux remained stable (19 L m À2 h À1 ) during iso-concentration mode at 25% PR. Flux decline was observed during iso-concentration at higher recovery ratios, being indicative of fouling/scaling. Negative retention was observed for K þ and Na þ , while Cl À and Mg 2þ retention was relatively constant with increasing permeate recovery. Ca 2þ exhibited lower retention with increasing permeate recovery. Negative ion retention is commonly found in NF on complex mixtures, caused by the effect of the Donnan distribution of the salt between the solution and the membrane (Gilron et al. ) . Owing to the decrease in calcium retention at high permeate recoveries, it was decided to run subsequent NF production tests at 50% permeate recovery. A clean-water test was performed before and after the batch module test. A clean-water flux decline of 14.5% was witnessed indicating loss of membrane permeability and possible fouling/scaling issues.
Anion regenerate
The batch module test on anion regenerate started with an initial flux of 9 L m À2 h À1 at a TMP of 30 bar and 500 L h À1 circulation velocity (KOCH SelRO MPS34-2540 A2X). Flux gradually decreased with increasing permeate recovery. A strong flux decline was observed at 75% permeate recovery; a representative sample for 88% permeate recovery could not be obtained (Figure 2(b) ). The carbonate ion displays negative retention. For nitrate, chloride and sodium a strong decrease in retention with increasing permeate recovery is observed, while sulfates are retained almost completely for all permeate recoveries. Despite the low flux (2-4 L m À2 h À1 ) at 50 and 75% permeate recovery it was decided to run the subsequent production test at 75% in order to obtain a sufficiently high permeate concentration of NaCl. A clean-water test was performed before and after the batch module test. A clean-water flux decline of 12.9% was witnessed. This indicates loss of membrane permeability and possible fouling/scaling issues.
Mixed regenerate
The batch module test on mixed regenerate wastewater started with an initial flux of 37 L m À2 h À1 at 650 L h À1 circulation velocity and 7 bar TMP (DOW-Filmtec NF270-2540). In comparison to the anion-and cation-regenerate wastewater fractions, TMP is low and flux is found not to decline as strongly with increasing permeate recovery. (Figure 2(c) ). With increasing permeate recovery, the retention of both monovalent and bivalent ions decreases. At 50% permeate recovery, Ca 2þ retention was found to drop significantly, though flux remained high at 30 L m À2 h À1 . A clean-water test was performed before and after the filtration test. A low clean-water flux decline of 5.2% was witnessed. Scaling projection indicates that the mixed stream has high scaling potential (e.g. BaSO 4 ). The maximum obtainable permeate recovery is therefore limited to 60% while dosing antiscalants. A higher permeate recovery can only be maintained when additional pretreatment is performed.
NF production tests
NF production tests were performed on each regenerate fraction to (1) produce sufficient feed for MD experiments and (2) confirm the results of the previous NF module tests on a larger volume. Production tests on all three streams revealed a similar permeate composition compared to previous module tests. For the cationic and anionic stream, the flux declined by 10% with each run. NF concentration of the anion-regenerate stream resulted in highly viscous slurry. Production tests confirm that cation-and anion-regenerate streams are more difficult to treat by NF compared to the mixed regenerate stream. TMP of 30 bar results in 6 L m À2 h À1 at 50% PR for anion regenerate, and 30 bar TMP is required to generate 9 L m À2 h À1 at 50% PR for the cation regenerate. The higher pressure required for the treatment of the separate streams is attributed to feed composition (higher TDS for separate streams, TOC foulants for anion regenerate stream) and to the characteristics of the membranes used (permeability and retention). According to the manufacturers' specifications the NF270 membrane (mixed stream) produces a flux of 53 L m À2 h À1 under standard test conditions (2,000 ppm MgSO 4 , 4.8 bar TMP) while the Duracid NF membrane (cation regenerate) produces a flux of 10 L m À2 h À1 only (2,000 ppm MgSO 4 , 7.6 bar TMP). Different standard test conditions are given for the MPF 34 SelRO membrane (glucose/sucrose solutions 3%/3%) result in 60 L m À2 h À1 at 30 bar TMP.
MD
A 1:1 mixture of cation-and anion-regeneration wastewater NF permeates was prepared and neutralized by adding 5.84 mg L À1 of HCl. MD was performed on this mixture until a concentration factor of 14.4 was reached. During the final batch, a flux of 16.5 L m À2 h À1 was observed. Flux remained constant up to a concentration factor of 10.1 (220 mS cm À1 concentrate electrical conductivity), whereupon it slowly declined to 15.5 L m À2 h À1 , indicating scaling. Final concentrate salinity was 250 mS cm À1 . MD on the NF permeate of the mixed regenerate resulted in a constant flux of 17 L m À2 h À1 . No flux decline was observed until a 26-fold volumetric concentration was obtained. Excessive scaling of the tubing was observed in the last stages of the experiment and the membrane showed signs of abrasion. The electrical conductivity of the final concentrate was 130 mS cm À1 . Chemical analysis of the two MD concentrates confirms that the mixture of separate anion and cation NF permeates has lower scaling potential (Tables 1 and 2) . Additional pilot testing is required in the case of further up-scaling to confirm the maximal concentration factor and the long-term process stability of MD.
Process evaluation
The composition of the regenerate following different treatment steps is evaluated based on the outcome of the NF and MD experiments (Tables 1 and 2). Separate treatment of cation-and anion-regenerate fractions results in a lower overall water and salt recovery. The resulting salt composition is not sufficiently pure for reuse in the chemical industry (confirmed by local chlorine production plant) but is expected to qualify as a road de-icing salt. Salt resulting from NF-MD on mixed regeneration wastewater followed by crystallization contains 61% Cl À , 28.6% Na þ , 6.1% Ca 2þ , 2.8% NO 3 À and 0.1% TOC (Table 2) as main constituents.
The presence of metals in the final product is low when compared to German standards for deicing salt, for example, with 90 ppm Ni present versus 5,000 ppm allowed, and 60 ppm Cd versus 2,000 ppm allowed. Of concern is the relative high level of nitrates, 28 g kg À1 for mixed wastewater and 80 g kg À1 for separate NF treatment of anion and cation regenerate. Further validation with regulatory agencies is required.
Cost estimation
Cost estimation was performed for two different sized IEX demineralization processes (20 and 200 m 3 day À1 of demineralized water produced) and for both proposed process trains, respectively (Figure 1 ). These plant sizes represent a regeneration wastewater production of 1 and 10 m 3 day À1 . The lowest flow is representative for small and medium enterprises, whereas the largest flow is typically encountered in larger chemical plants. Cost estimation (Table 3) indicates that separate treatment of the cation and anion regenerate is more expensive when compared to treatment of the mixed stream. NF-MD is not economically viable for small-scale installations, while being more attractive for larger-scale installations compared to external disposal rates (50 euro ton À1 ). NF-MD on mixed regeneration wastewater results in an additional cost of 1.4 euro m À3 of process water produced for larger-scale installations compared to 2.5 euro m À3 for external disposal (local rate). The cost benefits of water reuse and salt reuse resulting from NF-MD on mixed regeneration wastewater are small when compared to the overall cost (Table 3) .
The main economical benefit is the reduction in the costs for external treatment.
CONCLUSION
Comparison of NF-MD on mixed regeneration wastewater and NF-MD on separate anion-and cation-regenerate fractions shows that NF-MD on mixed regeneration wastewater is technically and economically preferable. Both wastewater mixtures, however, exhibit severe scaling/fouling potential resulting in limited NF permeate recovery (50 and 60%), which results in lower recovery of salts and water and higher residual NF concentrate volume. Higher permeate recoveries are desired but require additional pretreatment (not evaluated in this work). NF-MD is not economically viable for smallscale installations but can provide an economically viable alternative to external disposal of wastewater for larger-scale installations where a zero liquid-discharge policy needs to be applied. The cost benefits resulting from water and salt recuperation are small when compared to the total treatment cost. 
